The effect of grain size on the susceptibility of high-strength low alloy steels to hydrogen environment embrittlement in a 45 MPa gaseous hydrogen atmosphere was examined in term of the hydrogen content penetrating the specimen during the deformation. Notch tensile tests were performed in a 45 MPa hydrogen environment using specimens with different prior austenite grain size numbers varying from 2.5 to 5.4. The hydrogen content was measured by thermal desorption analysis with a quadrupole mass spectrometer before and after the tensile test. The fracture stress of the notch tensile test increased with increasing grain size number; this showed that grain refinement was effective in reducing the susceptibility of the specimens to hydrogen environment embrittlement in a high-pressure hydrogen atmosphere. The addition of nickel did not affect the fracture stress. A remarkable increase in the content of diffusive hydrogen was observed after the notch tensile test. Assuming that part of the diffusive hydrogen desorbed from grain boundaries, it can be inferred that grain refinement can reduce the mass of hydrogen in the unit grain boundary area, and the susceptibility to high-pressure hydrogen environment embrittlement.
Introduction
The application of high-strength low-alloy steels, such as chromium-molybdenum steels, for use in high-pressure hydrogen storage tanks helps lighten products and reduce construction costs. However, high-strength steels are known to undergo hydrogen environment embrittlement (HEE) when used in a hydrogen gas environment. Susceptibility to this embrittlement tends to increase with increasing strength of steels, which makes it difficult to use high-strength steels in applications.
There have been numerous studies conducted on HEE, especially during the late 1960s and early 1970s. ASME Standards Technology, LLC 1) summarized the previous works. However, there have not been many studies on HEE in low-alloy steels. Recently, some studies on HEE in a highpressure hydrogen atmosphere have assessed the properties of carbon steel and low-alloy steel, for application to highpressure hydrogen infrastructure.
2-7) Zhang et al. 2) reported the effect of temperature on HEE susceptibility at 1.1 MPa hydrogen; they showed the relative reduction area, which is defined as the ratio of the reduction area in hydrogen to that in helium, reached its minimum around 200 K. Imade et al. 3) examined the HEE properties of SCM440, a low-alloy steel specified in Japan Industrial Standards (JIS), up to a hydrogen pressure of 70 MPa. They showed that the relative reduction area decreased with increasing hydrogen pressure. They also showed that the relative reduction area decreased with decreasing strain rate. Wada et al. 7) evaluated the effect of surface machining on the fatigue property of SCM440 in 45 MPa hydrogen atmosphere; they revealed how much the residual stress introduced on the surface by machining can affect the fatigue life.
From what has been said, some studies have already shown the various characteristics of HEE. However, no unified explanation for the effect of grain size on HEE has yet been established. 8) Fuchigami et al. 9) showed that the hydrogen content introduced by the cathodic charge method to tempered martensitic steel, which is pre-strained by 5% plastic strain, increased with increasing former austenitic grain size. They noted that refining the grain size reduced the hydrogen embrittlement susceptibility. Similar results were also reported by several other studies. 10, 11) In contrast, some papers asserted that grain size did not notably affect the thresholds for crack growth. 12, 13) Moreover, there have been no reports published to our knowledge on the effect of grain size on HEE in high-pressure gaseous hydrogen.
Grain size often plays an important role in improving the mechanical properties of steels, especially strength and toughness, without using expensive alloying elements. In terms of the metallographic structure, a grain boundary can be an obstacle for dislocation moving. Based on the idea of hydrogen transportation by the moving dislocation, a grain boundary can also block the migration of hydrogen. 14) Therefore, hydrogen penetration behavior during deformation in a gaseous hydrogen atmosphere can differ according to the grain size. This inspired us to assess the effect of grain size on the mechanical properties of steels deformed under high-pressure hydrogen atmosphere. In particular, the change in degradation behavior of the mechanical properties with respect to the hydrogen content or microstructural factors such as lattice defects was very attractive. Detailed knowledge on the influence of grain size on HEE would pave the way to the design and development of suitable materials for high-pressure hydrogen components.
As an additional objective, we evaluated the effect of adding nickel on HEE. Nickel addition to a low-alloy steel often improves its hardenability, which is worsened by grain refinement. Therefore, when a hydrogen storage tank, especially a large one, is designed using a high-strength low-alloy steel, nickel is considered as an important element. As nickel is a relatively expensive element, determining the appropriate additive amount is industrially significant to maintain the cost advantage of steel tanks relative to other materials.
Experimental Procedure

Materials and specimen
Two types of materials, the N1 and N2 series, were used in this study. Table 1 shows the chemical composition of the materials. The chemical compositions of the materials were designed based on the American Society of Mechanical Engineers (ASME) specifications for SA517 Grade F steel. 15) The vacuum induction melting methods was used to produce 50 kg ingots of the materials. The ingots were hot-forged into plates 35 mm in thickness at temperatures above 1273 K. The heat treatment conditions, grain size number, and grain size are summarized in Table 2 . First, the materials were normalized at 1373 K for 7.2 ks to eliminate the residual strain introduced during the hot-forging. After normalization, the materials were annealed at different temperatures to vary the grain size and quenched in water. Finally, the materials were tempered at 873 K for several hours to adjust their tensile strength to approximately 950 MPa, as shown in Table 3 . The materials had microstructures of tempered bainite, and no significant metallographic difference was seen in microstructure observations with an optical microscope regardless of the quenching temperature. The prior austenite grain size number of the materials was determined by comparing them to metallographic structure standards specified in JIS G 0551, resulting in the range from 2.5 to 5.4. Hereinafter, the prior austenite grain size is called the grain size in this article.
Tensile test specimens, standardized to JIS Z 2201, were machined perpendicular to the forging direction. A ring-like notch was introduced at the center of the gauge section for each specimen. The configuration of the notch tensile specimens is illustrated in Fig. 1 . 
Notch tensile test in 45 MPa hydrogen and hydrogen thermal desorption analysis
The notch tensile test was performed using a tensile test apparatus equipped with an autoclave. The inside diameter and depth of the autoclave were 240 mm and 500 mm, respectively. Highly purified hydrogen gas, of which purity was 99.99999%, was used. The introduction of the hydrogen gas into the autoclave was conducted within a few minutes, meaning that the effect of soak time in hydrogen before testing was negligible. The strain rate was approximately 1:5 Â 10 À5 s À1 and the tensile tests took place at room temperature. The tensile stress was defined as the quotient of the load and cross section at the notch bottom before the notch tensile tests. In this study, all specimens were broken before reaching their notch tensile strength. Consequently, the notch fracture stress f was determined as the stress when the specimen was broken. After the tensile test, the specimen was quickly put into liquid nitrogen to prevent hydrogen dissipating from the specimen. The notch portions of the specimens were then cut using a precision-cutting machine; the temperature of the specimens was kept low with liquid nitrogen.
The hydrogen content of the notch portion after the tensile test was measured by the thermal desorption analysis method (TDA) using a quadrupole mass spectrometer (QMS) in the temperature range between 298 K and 673 K. The heating rate was 0.056 KÁs À1 . The fracture surface of the notch portion was observed with a field emission scanning electron microscope (FE-SEM).
Results
The notch fracture stress f of the specimens was summarized in Table 4 . Figure 2 also shows the f plotted against the grain size number. For both series, f increased with increasing grain size number, i.e., f increased with decreasing grain size. No difference between the two series of test materials was observed; in other words, the difference in nickel content did not have a strong influence on the notch fracture stress.
Figures 3(a) and (b) show the hydrogen desorption profiles measured by QMS. The profiles described in the lower diagrams of each figure were measured before tensile test, while the upper ones were measured after the tensile test in a 45 MPa hydrogen atmosphere. The broad peaks above 500 K in the lower profiles of Fig. 3 were due to the non-diffusive hydrogen. The N2A and N2B specimens were slightly heavier than the other specimens, so somewhat large peaks in their lower profiles were observed. The non-diffusive hydrogen may have been trapped by comparatively strong trap sites such as precipitates. When comparing the upper and lower figures in Figs. 3(a) and (b), obvious peaks emerged in the temperature range of 340 to 420 K after the tensile test in hydrogen. Conceivably, hydrogen which corresponds to these peaks is the one that penetrated into the specimen during tensile deformation. Figure 4 shows the relationship between the hydrogen content desorbed below 423 K, C H , and the grain size number. Here, C H denotes the hydrogen content after the tensile test in 45 MPa hydrogen. The error bars express the standard deviations after two measurements for each specimen. In both series, C H tended to increase with decreasing grain size number.
The desorption peak temperatures of non-diffusive hydrogen shifted to lower temperature after the tensile tests for both series. Meanwhile, Fig. 5 shows the variation in C H , which is the content of hydrogen desorbed from 423 to 673 K, with the grain size number before and after the tensile test. No obvious differences were observed in both series. The tensile deformation may have caused some sort of changes in the trap sites of the non-diffusive hydrogen, likely the change of interface coherency between precipitates and matrix, and the non-diffusive hydrogen came to be rather unstable. However, as shown in Fig. 5 , the non-diffusive hydrogen did not affect the hydrogen content that penetrated into the specimen during tensile deformation.
FE-SEM images of the fracture surface for the N1 series specimens are shown in Fig. 6 . The magnifications are images of near the outer surface of the specimens. In the N1A specimen, grain boundaries and sharp crevices were observed, showing the fracture mode was comparatively intergranular fracture (IG). However, a myriad of tear-ridge patterns similar to quasi-cleavage (QC) fractures was also observed on the grain boundary; this demonstrated that a certain degree of plastic deformation occurred near the grain boundary. 16) We termed such a fracture surface as intergranular quasi-cleavage (IQC). In contrast to the N1A specimen, the N1D specimen, which had the largest grain size number, only showed a quasi-cleavage fracture surface.
All fracture surfaces in the other specimen series also consisted of the QC region and the IQC region. Figure 7 shows the relation between the grain size number and the Fig. 2 Relationship between grain size number and fracture stress in 45 MPa hydrogen gas environment.
fracture surface ratio of the IQC region, r f , within the depth of 0.5 mm from the outer surface. The proportion of the IQC region was monotonically increased with decreasing grain size number for every series. This trend shows that the fracture mode transited from a brittle mode to one more ductile as the grain size was refined.
Discussion
The main findings of this study were (1) the grain size number dependence of the fracture stress in a 45 MPa hydrogen atmosphere, and (2) the distinct desorption peak that emerged in the temperature range of 340 K to 420 K after the notch tensile test.
As shown in Fig. 2 , the fracture stress increased with increasing grain size number; this indicates that the susceptibility to HEE is reduced by grain refinement. A similar tendency was already reported in some previous works; [9] [10] [11] these studies used hydrogen charging methods such as cathodic electrolysis. The results obtained in this study demonstrate that grain refinement is also effective at reducing the susceptibility to HEE in a high-pressure gaseous hydrogen atmosphere.
The clear desorption peak observed in the temperature range from 340 to 420 K after the notch tensile test reflects the desorption of hydrogen penetrated into the specimens during tensile test. As compared to the previous work using similar steel, 17) these peaks correspond to the diffusive hydrogen, which can diffuse even at room temperature. The results shown in Fig. 4 indicate that as the grain size becomes larger, the more diffusive hydrogen can penetrate into the steel. The clear peaks that emerged after the tensile tests contains the significant point, that is, almost all of the hydrogen that penetrated into the specimen during the notch tensile test in a high-pressure hydrogen atmosphere was diffusive hydrogen. It can be seen in Figs. 2 and 4 that the grain size number dependence of fracture stress and C H shows the contrary way. Figure 8 shows the peak analysis for the N1 series below 473 K. The summation of two Gaussian curves (curve1 and curve2) was fitted suitably for the original profiles. When compared with Choo et al.'s results, 18) curve2 may correspond to the hydrogen desorbed from grain boundaries, while curve1 is due to the hydrogen desorbed from the matrix. Therefore, the following discussion is based on assuming that the hydrogen content desorbed below 423 K, C H , is the sum of the hydrogen content in the grain boundary, C gb , and in the matrix, C m . C H can be expressed through the following equation:
where a gb is the hydrogen mass in the unit boundary area and S gb is the total grain boundary area in the unit mass of the material, 19) which is related to the mean lineal intercept L L and the density of the material through S gb ¼ 2= L L. C m and C gb were estimated using the ratio of the area surrounded by curve1 or curve2, respectively, and the horizontal axis in Fig. 8 . The same method was employed to evaluate C m and C gb for the N2 series. Figures 9 and 10 show the grain size number dependence of C gb and a gb , respectively. C gb did not show clear dependence on the grain size number, as shown in Fig. 9 . This implies that the same amount of hydrogen can be transported to grain boundaries during tensile deformation. In Fig. 10 , however, a gb increased with decreasing grain size number in both material series. This can simply be interpreted as due to the grain boundary area decreasing with decreasing grain size number. The change in a gb also influenced the fracture morphology, as shown in Fig. 11 . As a gb increased, the fracture surface ratio for IQC increased as well.
For ferritic and martensitic steels, a general feature is that the accumulation of dislocations leads the creation of point defects. [20] [21] [22] The vicinal area of prior austenite grain boundaries has high dislocation density resulting from slip constraints. Nagumo et al. 16) attributed the fine tear patterns on intergranular fracture surfaces to the formation of microvoids or microcracks in accordance with a model where microvoids are formed as a result of vacancy condensation. In this study, based on the above reports, the fine tear patterns observed on IQC fracture surfaces were considered to imply that even in a high-pressure hydrogen environment, microvoids can also be created along grain boundaries by tensile deformation. As shown in Fig. 12 , C m increases with decreasing grain size number in both series. However, the rate of increase for C m is smaller for the N2 series than for the N1 series. The change in C m is related to the amount of defects, which work as trap sites for hydrogen, in the matrix. The results shown in Fig. 5 indicate that the non-diffusive hydrogen content did not change even after the tensile tests in a hydrogen atmosphere. The non-diffusive hydrogen was likely trapped in deeper trap sites, such as carbides, of the matrix. As the deeper trap sites are normally occupied by non-diffusive hydrogen, these sites are not very effective trap sites for hydrogen transported from the environment during tensile deformation. Dislocations, or vacancy-like defects, which are newly generated by the interaction of dislocations, help increase C m with decreasing grain size number. Although the addition of nickel does not have a remarkably effect on macroscopic tensile properties, it may restrain the development of microscopic defects in the matrix.
Conclusions
The effect of grain size on hydrogen environment embrittlement of high-strength low-alloy steels in 45 MPa hydrogen atmosphere was evaluated by notch tensile tests.
The fracture stress for the notch tensile test increased with increasing grain size number, which shows that grain refinement is effective in reducing the susceptibility to hydrogen environment embrittlement in a high-pressure hydrogen atmosphere. The addition of nickel did not affect the fracture stress.
Almost all the hydrogen that penetrated into the steel during tensile deformation in 45 MPa hydrogen gas was diffusive hydrogen. Assuming that part of the diffusive hydrogen desorbed from grain boundaries, this implies that the hydrogen mass in the unit boundary becomes larger with decreasing grain size number. The fracture morphology also changed from quasi-cleavage fracture to intergranular fracture with numerous tear-ridge patterns as the hydrogen mass increased in the unit grain boundary. Hydrogen mass in the unit boundary area, a gb / 10 -6 g·m -2
Fracture surface ratio, r f N1 series N2 series Fig. 11 Relationship between hydrogen mass in the unit boundary area and fracture surface ratio of intergranular with quasi-cleavage (IQC) region within the depth of 0.5 mm from the outer surface. 
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